Introduction
============

The human epidermal growth factor receptor (*EGFR*) gene, a member of the ErbB family of receptor tyrosine kinases, functions in epithelial cell proliferation. Stimulation of the receptor with epidermal growth factor (EGF) or other cognate ligands induces receptor dimerization and auto-phosphorylation.[@b1-ott-10-4507]--[@b4-ott-10-4507] Somatic mutations in the *EGFR* kinase domain (KD) are common in lung adenocarcinomas, especially exon 19 deletions and L858R mutations.[@b5-ott-10-4507]--[@b7-ott-10-4507] Recently, a series of missense mutations in the *EGFR* extracellular domain (ECD) were reported in colorectal cancer, glioma, and neuroblastoma cases;[@b8-ott-10-4507]--[@b13-ott-10-4507] there are no reported cases of *EGFR* ECD mutations in lung cancer. Previously, Vivanco et al compared differential sensitivities of specific glioma and lung cancer mutations to EGFR kinase inhibitors. These data showed that in lung cancer, EGFR was activated by KD mutations, while in glioblastoma (GBM), EGFR was activated by mutations in the ECD.[@b8-ott-10-4507],[@b10-ott-10-4507]

Here, sequencing results are presented from a comprehensive panel of oncogenic driver mutations performed on a large prospective series of non-small cell lung cancer (NSCLC) specimens collected from patients who received surgical resection. A novel, oncogenic EGFR ECD mutation was identified and examined. Contrary to previous data, the novel EC EGFR lung cancer mutation was sensitive to first-generation EGFR inhibitors. These results were further confirmed using BaF3 drug sensitivity assays. Taken together, these results identify a unique therapeutic opportunity for patients with EC EGFR-mutant lung cancers.

Materials and methods
=====================

Patient samples and ethical considerations
------------------------------------------

All patients who participated in this research provided written informed consent. This study protocol was approved by the Ethical Committee of the Fudan University Shanghai Cancer Center (Reference number: 050432--4-1212B). All procedures were performed in accordance with the ethical standards of the Ethical Committee and followed the Declaration of Helsinki. All of the patients were lung adenocarcinoma cases recruited from April 2007 to May 2013 in the Fudan University Shanghai Cancer Center.

EGFR mutational analyses
------------------------

Briefly, primers were designed to amplify the *EGFR* ECD from genomic DNA using standard polymerase chain reaction methodologies. Direct dideoxynucleotide sequencing was used to analyze the amplified products. For newly identified mutations, germline DNA specimens were sequenced from paired non-cancerous lung tissues to demonstrate that mutations were somatically acquired.

Cell culture
------------

Cell lines were purchased from the American Type Culture Collection. NIH-3T3 cells were maintained in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% calf serum (Thermo Fisher Scientific), 100 units/mL penicillin, and 100 mg/mL streptomycin. BaF3 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 (Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum (Gibco) and 10 ng/mL interleukin-3 (IL-3) (PeproTech, Rocky Hill, NJ, USA).

Western blotting
----------------

NIH-3T3 cells were washed with cold PBS prior to lysis (category number 9803; Cell Signaling Technology, Inc., Danvers, MA, USA). A phenylmethylsulfonyl fluoride protease and phosphatase inhibitor cocktail (Merck 524625) was added immediately prior to use. Proteins were separated with 4%--12% Tris--glycine sodium dodecyl sulfate polyacrylamide gel electrophoresis gels (Invitrogen, Carlsbad, CA, USA) and transferred to polyvinylidene difluoride membranes. Antibody binding was detected using the ImageQuant LAS 4000 imaging system. Antibodies against phospho-EGFR (Tyr-1068, 2234), EGFR (4267), phospho-Akt (Ser 473, 4060), Akt (4691), phospho-Erk1/2 (Thr202/Tyr204, 9101), and Erk1/2 (p44/42 MAPK, 4695) were obtained from Cell Signaling Technology, Inc.

Mutagenesis, virus production, and stable-expressing cell line generation
-------------------------------------------------------------------------

Retroviral EGFR expression constructs containing puromycin (pBabe-puro-EGFR) were used for site-directed mutagenesis using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). All constructs were fully sequenced and ecotropic viruses were produced by cotransfection of the pBabe-puro-EGFR constructs with pCL-Eco into 293T cells. NIH-3T3 cells were infected with EGFR mutation-carrying viruses and 8 μg/mL polybrene (hexadimethrine bromide; Sigma, St Louis, MO, USA). Infected cells were selected with 2 μg/mL puromycin (InvivoGen, San Diego, CA, USA) 2 days after infection. The same viral stocks and 8 μg/mL polybrene were used to infect BaF3 cells while spinning at 800× *g* for 90 min at 25°C. Cells were re-infected 24 h later. Infected BaF3 cells were selected using 2 μg/mL puromycin 24 h after the second infection in the presence of IL-3. IL-3 was serially reduced over 2 weeks to select for IL-3-independent cells.

Soft agar anchorage-independent growth assays
---------------------------------------------

Solutions of 0.6% agar in mediums were plated into 6-well plates and solidified. Aliquots of 1×10^5^ NIH-3T3 cells expressing EGFR mutations were suspended with or without EGF (10 ng/mL) in 0.3% agar and 10% calf serum solutions and plated into the agar-coated 6-well plates. Plates were incubated for 3 weeks, and then photographed at 4× using the QuickCapture imaging system (Logitech, Lausanne, Switzerland). Numbers of colonies were counted in triplicate wells from 5 fields photographed with 4× magnification.

Cell growth inhibition assays
-----------------------------

BaF3 is an IL-3-dependent pro-B cell line that has been widely used to study oncogenic activity of genes and development of drugs that target oncogenic drivers.[@b14-ott-10-4507]--[@b17-ott-10-4507] BaF3 can grow independent of IL-3 cytokines when oncogenic drivers are expressed in cellular DNA. BaF3 cells have been adapted for compound profiling high-throughput assays and for assays predicting clinical resistance.

To detect sensitivities of EGFR mutations to inhibitors, EGFR mutant constructs were expressed in BaF3 cells, and IL-3 independent cell lines were derived.[@b15-ott-10-4507],[@b18-ott-10-4507] BaF3 cells expressing each EGFR mutant construct were selected using puromycin and a gradual reduction of IL-3 concentrations. For growth inhibition assays, BaF3 cells (5,000/well) were plated into 96-well plates (Corning). After 24 h incubation in standard conditions, cells were treated with either erlotinib (Tarceva^®^, Roche, San Francisco, CA, USA) or cetuximab (Erbitux^®^, Lilly, Indianapolis, IN, USA) at the indicated concentrations and then incubated for another 72 h. Viable cell numbers were measured using Cell Counting Kits (Dojindo, Rockville, MD, USA). Data were expressed as percentages of growth relative to untreated control cells. Data were calculated by the multi-scan spectrum function and plotted in Prism Software (GraphPad Software, Inc., La Jolla, CA, USA).

Xenograft experiments
---------------------

The Institutional Animal Care and Use Committee of SLAC (IACUC) approved all animal protocols used in this study (Reference number: SLAC-2016092801). All animal experiments in this research were carried out according to the institutional guidelines for animal safety. Animals were treated humanely for each experimental procedure. All animals were lawfully acquired and their retention and use were in compliance with federal, state, and local laws and regulations, and in accordance with the guidelines of the IACUC guide for care and use of laboratory animals.

Immunocompromised mice were injected with NIH-3T3 cells stably expressing exogenous pBabe-puro vector constructs, or pBabe-puro vectors containing: EGFR wild-type (WT), M277E, or L858R mutant isoforms. Expression levels of EGFR in each NIH-3T3 cell line were confirmed using western blot methodologies. Mice were injected subcutaneously with 1×10^6^ cells per mouse. Experimental mice were divided into 4 groups of 5 mice receiving either: pBabe-puro vector, pBabe-puro-EGFR WT, pBabe-puro-EGFR M277E, or pBabe-puro-EGFR L858R. After 2 weeks of incubation, tumors were evaluated every 3 days for tumor volumes, calculated using the formula: (mm^3^) =0.5 × length × width × width. Standard deviations were calculated using Prism Software. Animals in which tumor volumes grew to sizes of 200--300 mm^3^ were treated with erlotinib (150 mg/kg) or vehicle daily for 2 weeks. In each group, 3 mice were treated with erlotinib and 2 were treated with vehicle. Tumor sizes were measured during the treatment period every 3 days.

Results
=======

Novel EGFR somatic alterations detected in NSCLC cases
------------------------------------------------------

A total of 1,356 lung adenocarcinoma cases collected from April 2007 to May 2013 were sequenced for *EGFR* KD mutations, *KRAS* mutations, *HER2* KD mutations, *BRAF* mutations, *ALK* fusions, *ROS1* fusions, *RET* fusions, and *AKT1* mutations.[@b19-ott-10-4507] All of the oncogenic driver mutations were mutually exclusive. From this population, 143 were considered "pan-negative" (not possessing known oncogenic driver mutations). These specimens were selected to test for EGFR ECD mutations. Nine EGFR ECD mutations were detected, including: V159E (n=1, 0.70%), Q181H (n=1, 0.70%), M277E (n=1, 0.70%), R324L (n=1, 0.70%), T363N (n=1, 0.70%), A508V (n=1, 0.70%), N528D (n=1, 0.70%), and V592I (n=2, 1.40%; [Figure 1](#f1-ott-10-4507){ref-type="fig"}). The sample from which the EGFR M277E mutation was identified came from a 70-year-old female patient without a history of smoking. The DNA sequence of this mutation was altered from ATG to GAG, resulting in the EGFR M277E mutation ([Figure S1](#SD1-ott-10-4507){ref-type="supplementary-material"}). A case report of this patient is provided in the Supplementary materials.

The EGFR M227E mutation induced EGFR auto-phosphorylation and promoted transformation in vitro
----------------------------------------------------------------------------------------------

Overexpression of WT EGFR can transform NIH-3T3 cells when supplemented with EGF; oncogenic mutations transform NIH-3T3 cells in the absence of exogenous EGF stimulation.[@b1-ott-10-4507],[@b3-ott-10-4507]--[@b7-ott-10-4507] The substitution mutation EGFR M277E was tested to determine whether NIH-3T3 cells were transformed in the absence of EGF using soft agar assays to monitor anchorage-independent growth. The EGFR L858R mutation is an established mutation that occurs in cases of lung adenocarcinoma; it was used as a positive control in these experiments ([Figure 2A and B](#f2-ott-10-4507){ref-type="fig"}). EGFR M277E mutant proteins were hyperphosphorylated in NIH-3T3 cells, similar to EGFR L858R mutant proteins in the same system ([Figure 2C](#f2-ott-10-4507){ref-type="fig"}).[@b15-ott-10-4507],[@b16-ott-10-4507] This mechanism of constitutive activity due to constitutive hyperphosphorylation is consistent with mechanisms driving the ERBB2 S310F in lung adenocarcinoma.[@b16-ott-10-4507]

EGFR M277E and L858R mutant-expressing NIH 3T3 cells had enhanced formation of spindle morphologies and were more refractive under light microscopes. These phenotypes were similar to those observed in oncogenic *KRAS* (G12V) transformed NIH 3T3 cells (data was not shown). NIH 3T3 cells transformed with vector and EGFR WT constructs grew in monolayers and had no changes in refraction or spindle formation ([Figure S2A and B](#SD2-ott-10-4507){ref-type="supplementary-material"}).[@b21-ott-10-4507] These results suggest that EGFR M227E mutations transformed NIH-3T3 cells by constitutively activating EGFR, independent of exogenous EGF stimulation.

EGFR M227E is susceptible to EGFR blockade in vitro
---------------------------------------------------

Multiple agents that target constitutively activated EGFR proteins are approved for lung cancer treatments. Erlotinib, a tyrosine kinase inhibitor (TKI), is widely used to treat lung adenocarcinomas with EGFR L858R and exon 19 deletions. Cetuximab is an anti-EGFR monoclonal antibody that binds to the EGFR ECD, blocks dimerization, and results in apoptosis of tumor cells.[@b22-ott-10-4507] To determine whether EGFR M277E mutations were sensitive to erlotinib and cetuximab, NIH-3T3 EGFR-mutant-expressing stable cell lines were tested for phosphorylated EGFR protein contents. Cell lines expressing EGFR M277E and L858R mutant proteins had decreased levels of phosphorylated EGFR after treatment with either erlotinib or cetuximab ([Figure 3A and B](#f3-ott-10-4507){ref-type="fig"}). After erlotinib treatment, EGFR mutant NIH-3T3 cells appeared to have reduced AKT phosphorylation levels. Treatment with either erlotinib or cetuximab did not inhibit pERK activation in EGFR M227E mutant cells; pERK was inhibited in EGFR L858R mutant cells ([Figure 4B and C](#f4-ott-10-4507){ref-type="fig"}). Thus, EGFR M227E mutant NIH 3T3 cells were less sensitive to EGFR inhibitors than EGFR L858R positive controls. The EGFR M277E was less sensitive to EGFR inhibitors and pERK was not inhibited by the inhibitors, which may be a correlation, but the molecular mechanism is not clear. In cetuximab-treated EGFR M277E mutant cells, neither phosphorylated AKT nor phosphorylated ERK levels were inhibited. While the mechanistic underpinnings of these agents in the context of the EGFR M277E mutation are unknown, the results showed that erlotinib and cetuximab inhibited EGFR hyperactivity induced by the M277E mutation.

Next, BaF3 cells were transformed with the EGFR M277E and control constructs. Overexpression of EGFR EC and KD mutations conferred IL-3 independence to the BaF3 cells, which were not found in BaF3 cells transformed with vector control and WT EGFR genes (data not shown). Proliferations of BaF3 cell lines expressing EGFR mutant constructs were detected upon IL-3 withdrawal. Conversely, BaF3 cells expressing EGFR WT constructs did not grow in the absence of IL-3 ([Figure 4A](#f4-ott-10-4507){ref-type="fig"}). Next, EGFR M277E- and L858R-transformed BaF3 cells were treated with erlotinib and cetuximab. Treatments resulted in abrogation of cell survival rates in the EGFR M277E and L858R expressing lines ([Figure 4B and C](#f4-ott-10-4507){ref-type="fig"}). Together, these results suggest that EGFR M277E mutations may be treated by erlotinib or cetuximab in lung cancer patients.

EGFR M227E mutations conferred tumor growth capacity and sensitivity to inhibitors in vivo
------------------------------------------------------------------------------------------

NIH 3T3 cells expressing EGFR M277E, EGFR L858R, EGFR WT or vector constructs were subcutaneously injected into nude mice and tumor growth was monitored every 3 days. Both EGFR M277E and L858R mutations drove tumor formation ([Figure 5A](#f5-ott-10-4507){ref-type="fig"}). Interestingly, tumors driven by overexpression of the EGFR M277E mutation were larger than EGFR L858R tumors ([Figure 5A](#f5-ott-10-4507){ref-type="fig"}). These results demonstrate that NIH 3T3 cells harboring EGFR M277E mutations had oncogenic potential in vivo. When the tumors reached \~200--300 mm^3^ in the oncogenic xenograft models, the subjects were treated with either erlotinib or vehicle. At the end of the study time-course, tumor burdens in the erlotinib and vehicle treated groups were noticeably distinct. In fact, erlotinib treatment resulted in dramatic antitumor responses in subjects harboring EGFR M277E mutations, and complete response in subjects with EGFR L858R mutant tumors ([Figure 5B and C](#f5-ott-10-4507){ref-type="fig"}). These data indicate that EGFR M227E mutations in NIH-3T3 cells had transformational capacities in vivo and were sensitive to EGFR tyrosine kinase inhibition.

Discussion
==========

EGFR plays critical roles in many biological processes and is a driver of tumorigenesis.[@b23-ott-10-4507] Mutation test in the EGFR KD is commonly recommended in the management of NSCLC.[@b5-ott-10-4507],[@b24-ott-10-4507] Identifying such mutations can predict which patients will benefit from EGFR TKI therapies. EGFR mutations that are sensitive to TKI agents include: exon 19 deletions (\~45%), L858R (\~40%), G719X (\~3%), L861Q (\~2%), exon 18 indels, exon 19 insertions, EGFR kinase domain duplication (duplications of exons 18--25), and others.[@b18-ott-10-4507],[@b25-ott-10-4507]--[@b29-ott-10-4507] Mutations that are resistant to TKI agents include: exon 20 insertions (\~5%\~10%) and T790M (\<1%).[@b26-ott-10-4507],[@b30-ott-10-4507],[@b31-ott-10-4507] Previous studies have identified 2 EGFR ECD mutations (A289D and R324L), but no independently oncogenic EGFR ECD mutations have been reported in NSCLC.[@b19-ott-10-4507]

Previously, Liao et al discovered that oncogenic mutations in the ECD of the fibroblast growth factor receptor (FGFR) occurred in squamous cell lung carcinomas.[@b20-ott-10-4507] Another group found that FGFR2 ECD insertions were both oncogenic and sensitive to FGFR kinase inhibitors in lung cancer cases.[@b32-ott-10-4507] Additionally, oncogenic ECD mutations of ERBB2 have been reported in lung cancers.[@b16-ott-10-4507]--[@b15-ott-10-4507] It was also reported that EGFR ECD missense mutations occurred in 10% to 15% of GBM cases. Vivanco et al found that EGFR ECD mutations are more common in GBMs and KD mutation are more common in lung cancers. Nonetheless, TKI-targeted therapies were identified to treat ECD mutations in GBM.[@b8-ott-10-4507],[@b9-ott-10-4507],[@b33-ott-10-4507],[@b34-ott-10-4507] A novel EGFR ECD mutant (EGFRdelta768) was discovered in neuroblastoma cases.[@b12-ott-10-4507] Additionally, a novel heterozygous mutation in the FGF1 ECD, associated with Hartsfield syndrome,[@b35-ott-10-4507] and ERBB3 EC mutations, were identified in human cancers.[@b15-ott-10-4507] Thus, ECD mutations are relatively common oncogenic human kinase mutations. The present research was the first to identify an independently oncogenic EGFR ECD mutation in NSCLC.

In this study, a new EGFR ECD somatic mutation, M277E, was identified in lung adenocarcinoma. This mutation promoted oncogenesis in the absence of the EGFR ligand, EGF. In contrast with other EGFR ECD mutations found in this research, the M277E (ECD) and L858R (KD) mutants transformed NIH-3T3 cell lines, leading to EGFR auto-phosphorylation that was independent of stimulation. The EGFR M277E mutation was sensitive to erlotinib treatment in BaF3 cell lines and in xenograft models. These results paralleled those seen with the well-described EGFR oncogenic driver mutation, L858R, suggesting similar mechanistic underpinnings for the 2 mutations. This finding is unusual because ECD kinase mutations may strongly alter oncogenic mechanisms depending on the location of the mutation. For example, M277E mutations may change the structure of EGFR, potentially influencing the dimerization pattern of the protein. Elucidating the mechanism of oncogenesis is important in future studies.

In this paper, a unique therapeutic opportunity for patients with *EGFR* M277E mutant lung cancers was discovered. Additional EGFR ECD mutations may exist in lung adenocarcinomas. This study design may be a useful reference for future work.

Supplementary materials
=======================

Case report of lung adenocarcinoma patient harboring an EGFR M277E mutation in her tumor
----------------------------------------------------------------------------------------

[Figure S1](#SD1-ott-10-4507){ref-type="supplementary-material"} gives the sequence tracing of an EGFR ECD mutation in a NSCLC adenocarcinoma specimen. This mutation was identified in specimens collected from a 70-year-old female patient who was a non-smoker. The patient had a family history of lung cancer; her mother also had the dis-ease. It was unknown whether her mother harbored the same mutation. The patient underwent thoracoscopic lobectomy surgery at the Fudan University Shanghai Cancer Center in 2011. Pathological analyses showed that it was a Stage 1A tumor of the solid adenocarcinoma subtype. This patient had a good post-surgical prognosis. She has not experienced any tumor recurrences.

###### 

EGFR M277E genetic alterations detected in specimens collected from a NSCLC adenocarcinoma case.

**Notes:** A sequence tracing is given of an *EGFR* ECD mutation that was identified in NSCLC specimens from a 70-year-old non-smoking female patient. The mutations were somatic alterations of 829A\>G and 830T\>A, resulting in EGFR M277E-mutant protein products.

**Abbreviations:** ECD, extracellular domain; EGFR, epidermal growth factor receptor; NSCLC, non-small cell lung cancer.

###### 

NIH 3T3 cells harboring EGFR M277E and L858R mutations have spindle-like morphologies, increased refractive indices, and multi-layered growth patterns.

**Notes:** Individual colonies formed by NIH 3T3 cells overexpressing vector, EGFR M277E mutant, EGFR L858R mutant, or EGFR WT constructs were grown in liquid cultures (**A**) and soft agar (**B**). Representative cells are shown. Original magnifications: ×10 (agar); ×20 (liquid).

**Abbreviations:** EGFR, epidermal growth factor receptor; WT, wild-type.
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![Schematic representations of *EGFR* gene alterations found in this study.\
**Notes:** Locations of missense mutations are given within the *EGFR* gene found in a sample of 143 non-small cell lung cancer specimens. Each diamond represents one sample harboring the indicated mutation.\
**Abbreviations:** ECD, extracellular domain; EGFR, epidermal growth factor receptor.](ott-10-4507Fig1){#f1-ott-10-4507}

![The EGFR extracellular domain mutation, M277E, found in non-small cell lung cancer is oncogenic.\
**Notes:** (**A**) Representative images of anchorage-independent NIH-3T3 growth in cells expressing EGFR extracellular domain mutants. Cell lines were assessed for colony formation with or without EGF (10 ng/mL). (**B**) Colony counts of NIH-3T3 cells harboring EGFR extracellular mutations in soft agar colony formation assays, after a 21-day incubation period. (**C**) Anti-EGFR immunoblots of cell lysates collected from the stably expressing NIH-3T3 cell lines.\
**Abbreviations:** EGF, epidermal growth factor; EGFR, EGF receptor; p, phosphorylated; WT, wild-type.](ott-10-4507Fig2){#f2-ott-10-4507}

![The NIH 3T3 cell lines harboring EGFR M277E mutations are sensitive to erlotinib and cetuximab.\
**Notes:** NIH-3T3 cells with the indicated gene alterations were serum starved overnight and then treated with erlotinib (**A**) and cetuximab (**B**) at the indicated concentrations for 6 hours. Cell extracts were immunoblotted to detect the indicated proteins.\
**Abbreviations:** EGFR, epidermal growth factor receptor; p, phosphorylated; WT, wild-type.](ott-10-4507Fig3){#f3-ott-10-4507}

![BaF3 cell lines harboring the EGFR M277E mutation were IL-3 independent and responded to erlotinib and cetuximab.\
**Notes:** (**A**) IL-3-independent survival of BaF3 cells stably expressing EGFR mutant constructs and controls. (**B**) Survivals of EGFR-transformed BaF3 cells in response to erlotinib. (**C**) Survival of EGFR-transformed BaF3 cells in response to cetuximab.\
**Abbreviations:** EGFR, epidermal growth factor receptor; IC~50~, half maximal inhibitory concentration; IL, interleukin; NR, not reached; WT, wild-type.](ott-10-4507Fig4){#f4-ott-10-4507}

![NIH 3T3 cells harboring EGFR M227E mutations formed tumors in xenograft models.\
**Notes:** (**A**) Tumor volume measurements from mouse subcutaneous xenograft models. Nude mice were injected with: EGFR M227E- and L858R-mutant, EGFR WT and vector transfected NIH 3T3 cells. Only xenografts injected with EGFR mutant-expressing lines formed tumors. (**B**) Subjects developing EGFR mutant tumors were treated with erlotinib, or vehicle. (**C**) Tumors were dissected from subjects to compare results of treatment with vehicle or erlotinib. Top: EGFR M277E mutant tumor; bottom: EGFR-L858R mutant tumor. Erlotinib treatment caused a complete antitumor response in subjects harboring EGFR L858R mutant tumors.\
**Abbreviations:** EGFR, epidermal growth factor receptor; WT, wild-type.](ott-10-4507Fig5){#f5-ott-10-4507}
